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[57] ABSTRACT 
The temperature compensated air/fuel ratio controller 
is used in conjunction with an internal combustion en 
gine. The method includes electronically sensing the 
oxygen content and the temperature of the exhaust gas 
generated by the engine. It was discovered that the 
oxygen content signal varies in a curvilinear manner 
with respect to the temperature. The oxygen content 
signal is therefore compensated in both the linear and 
non-linear signal regions. The compensated oxygen 
content signal is then used to control the air/fuel ratio 
of the engine. In a working embodiment, the tempera 
ture compensated air/fuel ratio controller utilizes a 
zirconium oxide oxygen sensor. One type of circuitry 
designed to compensate the oxygen content signal in 
both the linear and non-linear signal regions includes, in 
one embodiment, electronic circuitry that segments the 
curvilinear function into linear segments and generates 
a plurality of linear compensatory signals which are 
added to the oxygen content signal. The compensated 
oxygen signal is then applied to a PID controller in the 
control loop of the engine. 

20 Claims, 4 Drawing Sheets 
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TEMPERATURE COMPENSATED AIR/FUEL 
RATIO CONTROLLER AND METHOD 

THEREFOR ' 

The present invention relates to an air/fuel ratio con 
troller, used in conjunction with internal combustion 
engines, which is supplied with a temperature compen 
sated oxygen exhaust gas signal. 

BACKGROUND OF THE INVENTION 

Air/fuel ratio controllers are used to regulate the 
flow (particularly the pressure) of fuel fed to internal 
combustion engines. Some of these air/fuel ratio con 
trollers are incorporated in a feedback control loop for 
the engine in order to maintain a constant percentage of 
oxygen in the engine’s exhaust. By maintaining oxygen 
exhaust gas at a constant level, undesirable emissions 
from the engine are reduced to a minimal level. Also, 
catalytic converters in the engine's exhaust system are 
designed to operate at certain oxygen content levels. By 
maintaining a certain oxygen content, the converter 
operates in its optimal range. The air/fuel ratio control 
ler is used in conjunction with an oxygen sensor and a 
temperature sensor, which are both exposed to the ex 
haust gas emitted by the internal combustion engine. 
After ?ltering the electronic signals generated by these 
sensors, prior art air/fuel ratio controllers compensated 
the oxygen signal in a linear manner by monitoring the 
temperature. In other words, the prior art devices were 
designed to operate under the assumption that above a 
certain cut-off temperature, the oxygen sensor varied 
linearly with temperature. In one prior art device, after 
the linear compensation of the oxygen content signal, 
that signal was fed into a proportional, integral, deriva 
tive control circuit whose output was coupled to a 
valve driver. The control signal output by the valve 
driver was fed directly to the fuel pressure regulator for 
the internal combustion engine. 

OBJECTS OF THE INVENTION 

It is an object of the present invention to provide 
temperature compensation for the oxygen content sen 
sor used in conjunction with a air/fuel ratio controller. 

It is another object of the present invention to pro 
vide temperature compensation for the non-linear varia 
tion of the oxygen content signal. 

It is a further object of the present invention to com 
pensate the oxygen content signal using low power 
electrical components. 

It is an additional object of the present invention to 
provide temperature compensation for the oxygen con 
tent signal with the use of discrete electrical compo 
nents. 

It is another object of the present invention to pro 
vide linear and non-linear temperature compensation 
for the oxygen content signal which may be used in 
conjunction with microprocessor based air/fuel ratio 
control systems. 

SUMMARY OF THE INVENTION 

The temperature compensated air/fuel ratio control 
ler is used in conjunction with an internal combustion 
engine. The method includes electronically sensing the 
oxygen content and the temperature of the exhaust gas 
generated by the engine. It was discovered that the 
oxygen content signal varies in a curvilinear manner 
with respect to the temperature. The oxygen content 
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2 
signal is therefore compensated in both the linear and 
non-linear signal regions. The compensated oxygen 
content signal is then used to control the air/fuel ratio 
of the engine. In a working embodiment, the tempera 
ture compensated air/fuel ratio controller utilizes a 
zirconium oxide oxygen sensor. One type of circuitry 
designed to compensate the oxygen content signal in 
both the linear and non-linear signal regions includes, in 
one embodiment, electronic circuitry that segments the 
curvilinear function into linear segments and generates 
a plurality of linear compensatory signals which are 
added to the oxygen content signal. The compensated 
oxygen signal is then applied to a PID controller in the 
control loop of the engine. 

BRIEF DESCRIPTION OF DRAWINGS 

Further objects and advantages of the present inven 
tion can be found in the detailed description of the 
preferred embodiments when taken in conjunction with 
the accompanying drawings in which: 
FIG. 1 illustrates the newly discovered curvilinear 

relationship between the oxygen content signal and the 
exhaust temperature signal; 
FIG. 2 diagrammatically illustrates a prior art com 

pensation circuit; 
FIG. 3 diagrammatically illustrates an air/fuel ratio 

controller as part of a feedback control loop for an 
internal combustion engine; 
FIG. 4 is a block diagram showing the major compo 

nents of the temperature compensated air/fuel ratio 
controller made in accordance with the principles of the 
present invention; 
FIG. 5 diagrammatically illustrates one method of 

compensating the linear and non-linear signal portions 
of the oxygen content signal based upon the tempera 
ture range; and 
FIG. 6 is a block diagram showing one working em 

bodiment of the temperature compensation circuit uti 
lizing discrete electrical components in accordance 
with the principles of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention relates to an air/fuel ratio con 
troller which is used in conjunction with carbureted 
internal combustion engine. In order to operate the 
engine such that the oxygen content of the exhaust gas 
is maintained at a substantially constant level, prior art 
devices have used zirconium oxide sensors. However, 
prior art control feedback loops were designed based 
upon the theory that the electrical signal representing 
the oxygen content of the exhaust gases varied linearly 
dependent upon the temperature of the exhaust gases. 
For example, in FIG. 1, the oxygen content signal 02 in 
millivolts is generally linear at exhaust ‘gas temperatures 
above 800° F. Prior art control feedback loops were 
based upon the theory that the oxygen content signal 
varied linearly with respect to the temperature of the 
exhaust gases at all temperatures above the 600° F. 
lower cut-off temperature. 

It was discovered that, at temperatures generally 
below 775° F., the signal from a zirconium oxide oxy 
gen sensor varies in a non-linear manner with respect to 
the exhaust gas temperature. This discovery that oxy 
gen content signal varies both linearly and non-linearly 
with respect to the temperature (above the 600° F. cut 
off) is graphically illustrated in HQ. 1. Prior to this 
discovery of the non-linear relationship between 09/ 
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Temp, designers compensated the oxygen content sig 
nal in a linear fashion as shown by single line compensa 
tory signal segment 12. Alternatively, designers could 
raise the cut-off temperature, shown by line 14, from 
approximately 600° F. to approximately 800° F. 
Above approximately 800° F., that is, beyond inter 

section point 16 in FIG. 1, the oxygen content signal is 
linearly compensated as shown by the linear segment 18 
of the double line compensatory signal. 

In order to further perfect air/fuel ratio controllers, 
experiments were conducted with zirconium oxide oxy 
gen sensors manufactured by Autolite of Fostoria, 
Ohio. These tests showed that the electrical output of 
these oxygen sensors varied non-linearly in a region 
approximately below 800“ F. and above the cut-off 
temperature of 600° F. In FIG. 1, solid line Al, single 
dashed line A2, and double dashed line A3 represent 
lambda values equal to 0.99, 0.98, and 0.97, respectively. 
Lambda is generally representative of the oxygen con 
tent in exhaust gases, as is known in the art. 
Once the non-linear behavior of the zirconium oxide 

oxygen sensors below 800° F. was discovered, an elec 
tronic circuit could be constructed to provide non-lin 
ear compensation to this oxygen content signal. In gen 
eral, the non-linear compensation circuit, in one em 
bodiment, segments the curvilinear function of the 07/ 
Temp into linear segments to generate linear compensa 
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tory signal segments 18, 20 and 22. Since curves A1, A2, I 
and A3, representing constant oxygen content levels in 
the exhaust gas, generally follow the same curvilinear 
function (other than a constant level shift), the compen 
satory signal developed by the circuit follows, in one 
working embodiment, double line signal segments 22, 
20 and 18. When this compensatory signal is added to 
the 0; sensor output, the result is a voltage which re 
mains constant for changing exhaust temperatures. 
FIG. 2 illustrates a block diagram of the prior art 

linear compensation circuit. The oxygen content signal 
0; was fed to ?lter 40 which generally smooths out the 
signal. Preferably, ?lter 40 is an active ?lter. The tem 
perature signal was fed to an ampli?er-comparator unit 
44. The comparator established a lower temperature 
cut-off value, for example, that value illustrated by line 
14 in FIG. 1. Ampli?cation was necessary in order to 
condition the signal for further processing. The output 
of ampli?er circuit 44 is applied to linear compensation 
circuit 42. Circuit 42 modi?es the set point to corre 
spond to" the change in 0; sensor output caused by 
changing exhaust temperatures. The output of circuit 40 
and the compensated set point from circuit 42 are ap 
plied to proportional integral derivative PID circuit 46. 
The output of PID 46 was fed to a valve driver. Below 
approximately 600° F., the comparator output of circuit 
44 disables PID circuit 46 and the operator input start 
current is sent to the valve driver. 
FIG. 3 diagrammatically illustrates the feedback con 

trol loop for internal combustion engine 50. Engine 50 is 
supplied with fuel via fuel line 52. The pressure and/or 
?ow of fuel is regulated by fuel pressure regulator 54. 
Fuel is fed to regulator 54 via inlet fuel line 56. Exhaust 
gases are emitted from engine 50 into exhaust manifold 
58. In a working embodiment, a zirconium oxide oxy 
gen sensor 60 and a temperature sensor or thermo 
couple 62 are exposed to exhaust gases exiting exhaust 
manifold 58. As such, the oxygen content and the tem 
perature of the exhaust gases are represented as electri 
cal inputs into controller 64. Controller 64 also obtains 
power from, in one working embodiment, a magnetic 
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4 
pickup. This power is generally in the range of 50-80 
milliwatts at approximately 3-4 volts AC RMS. In one 
working embodiment, a Dynalco magnetic pickup 
model M208 is used to generate power from internal 
combustion engines having a ?ywheel with six pitch or 
coarser gear teeth. The pickups may be mounted on a 
bracket or in a tapped hole in the housing near the 
flywheel. 

Controller 64 is also fed with a pressurized gas, either 
air or natural gas, from a pressure source 66. A ?lter and 
a dryer 68 conditions this pressure input. Excess gas is 
exhausted from controller 64 at pressure exhaust port to 

I exhaust 70. The control output signal on line 72 is a 
pressure signal which is supplied via conduit 72 directly 
to the control input port on the fuel pressure regulator 
54. ‘ 

The air/fuel ratio controller diagrammatically illus 
trated in FIG. 3 and the associated feedback control 
loop is the same as the prior art/fuel ratio controller. 
One prior art air/fuel ratio controller is discussed in 
detail in the Dynalco Controls brochure for Models 
AF-lOl 1, 1012, 1021, and 1022. Dynalco Controls man 
ufactures these prior art air/fuel ratio controllers in Ft. 
Lauderdale, Fla. 
The present invention incorporates a non-linear oxy 

gen compensation circuit into controller 64 in order to 
compensate the oxygen content electrical signal and 
generate compensatory signal segments 22, 20 and 18 
shown in FIG. 1. ' 

FIG. 4 illustrates, in block diagram form, one circuit 
providing linear and non-linear temperature compensa 
tion for the oxygen content signal. An oxygen content 
signal, in millivolts, is applied to active ?lter 80. The 
?ltered oxygen sensor signal is applied to oxygen com 
pensataion circuit 82. The temperature signal (approxi 
mately 0.0-0.03 volts) is applied to ampli?er and com 
parator circuit 83. This circuit conditions the tempera 
ture signal. The conditioned temperature signal is ap 
plied to oxygen compensation circuit 82. The oxygen 
compensation circuit modi?es the oxygen content sig 
nal, in one embodiment, by adding compensatory sig 
nals 22 and 20, as well as compensatory signal 18, to the 
?ltered oxygen content signal applied at its input. The 
compensated oxygen content signal is then applied to 
PID 84. PID 84’s output is applied to a valve driver 86. 
Valve driver 86 generates a pressurized gas control 
signal (Cont. Sig.) on control line 72 (FIG. 3) which 
operates as a control signal for fuel pressure regulator 
54 (FIG. 3). 
The operator also inputs a set point, which represents 

the desired air/fuel ratio operating point, to the PID 
controller 84. The PID controller 84 then works to 
adjust the air/fuel ratio such that the compensated oxy 
gen voltage from circuit 82 matches this operator set 
point. Below 600° F., the comparator in circuit 83 (FIG. 
4) disables the PID controller 84 and the operator input 
start current is connected to the valve driver. PID con 
trollers are known in the art. 
There are various signals in the front end of the con 

troller which can be used to monitor the control loop 
and engine. One of these monitoring signals RCD is the 
compensated oxygen sensor voltage. This provides a 
representative signal indicative of the oxygen content of 
the exhaust gases from the internal combustion engine. 
This compensated oxygen content signal can be fed to a 
recording device. Additionally, the compensated oxy 
gen content signal is displayed (DISH) on a display 
device associated with the controller. From PID 84, 
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one signal, representative of the output of the PID, is 
fed to the controller display (DISP.) and the same signal 
is fed to an alarm circuit 92. If a second controller is 
used to control a dual bank, internal combustion engine, 
the signal representative of the output of PID 84 from 
the second control circuit is fed into alarm circuit 92. 
The output of alarm circuit 92 is applied to an external 
alarm module. The following Display Table shows a 
typical status display (using liquid crystal display) for 
the air/fuel ratio controller. 

DISPLAY TABLE 
Air/Fuel Ratio PID Status (One for Each Bank) 

9 Segment Bar Graph. Control Limit 
Switch selectable Rich/Lean of Set Point 
left and right bank Low Temp 
on dual bank controller. Low Sensor Out 

FIG. 5 diagrammatically illustrates a circuit for im 
plementing the concepts of the present invention. If 
discrete components are used, the incoming tempera 
ture signal can be segmented into temperature regions 
within which the 02 signal is relatively linear. As shown 
in FIG. 1, the non-linear portion of the oxygen content 
signal has been broken into three regions which are 
somewhat linear in nature. The ?rst non-linear 02 re 
gion is associated with compensatory signal segment 22, 
the second region is associated with compensatory sig 
nal region 20, and the third region is associated with 
compensatory signal segment 18. FIG. 5 diagrammati 
cally illustrates that the oxygen compensation circuit 
110 generates compensatory signal segments based 
upon temperature range segments 1, 2, 3 . . . n. These 
compensatory linear segments are based upon the pre 
determined curvilinear function of the oxygen signal 
the temperature curve shown in FIG. 1. Segment cir 
cuit l generates a ?rst compensatory signal. Segment 
circuits 2 and 3 generate other compensatory signals 
based upon the temperature ranges identi?ed at the 
front end of those control circuits. After compensatory 
signals a, b, c, nx are generated by the segment circuits, 
these compensatory signals are applied to summation 
point 112. Also, the ?ltered, but essentially unaltered, 
oxygen content signal is supplied to summation point 
112. Thereafter, the summed and compensated oxygen 
content signal is applied to signal conditioner circuit 114 
and ultimately to the PID controller. 
FIG. 6 shows the major components of a discrete 

circuit implementing a three-segment, non-linear oxy 
gen compensation circuit. The temperature signal is 
applied to ampli?er 120. Voltage V; is set to identify the 
temperature corresponding to the intersection of com 
pensatory signal segments 22 and 20 shown in FIG. 1. 
The output of ampli?er 120 is fed through diode 122 
and the compensatory signal segment is then applied to 
summation point 124. Resistors 125 and 126 and any 
other complementary resistors associated with ampli?er 
120, are used to bias the signal and obtain the correct 
slope on compensatory signal 22, shown in FIG. 1. 
Resistors 123 and 127, operational ampli?er 130 and 
resistor 132 operate as a summer for junction 124. The 
circuit consisting of operational ampli?er 140 and resis 
tors 142 and 144 provide signal conditioning for the 
compensated oxygen content signal. With respect to the 
second segment (represented by compensatory signal 20 
in FIG. 1), operational ampli?er 160 and resistor 164 
assure zero compensation voltage is applied to summa 
tion point 124 when the temperature is in the range of 
segment 20. With respect to the third segment, opera 
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6 
tional ampli?er 170 and resistor 172 are set to operate at 
the intersection of compensatory signal segments 20 and 
18 (FIG. 1) and beyond and also to generate the slope of 
compensatory signal 18 shown in FIG. 1. Diodes 122 
and 174 and resistor 164 assure the most positive voltage 
from ampli?cation circuits 120, 160, or 170 is applied to 
summation point 124. Voltage v; is used to locate the 
temperature break point or intersection between com 
pensatory signal segments 20 and 18. 
A quad or four-way operational ampli?er integrated 

circuit can be used wherein operational ampli?ers 120, 
130, 160 and 170 are found on a single integrated circuit. 
Operational ampli?er 140 is shown as an inverter to 
provide a positive voltage output. The slopes of com 
pensatory signal segments 22 and 18 are established by 
the ratio of resistances across operational ampli?ers 120 
and 170. Some of the resistors are not shown in the 
?gure. 

It is important to note that the present invention can 
be implemented as a microprocessor control loop. 
However, a microprocessor requires higher currents 
and power than the discrete circuitry disclosed herein 
above. In a microprocessor, a one to one correspon 
dence table or a mathematical algorithm describing the 
curvilinear function of FIG. 1 would be used to gener 
ate a compensatory signal. For example, a look-up table 
would be used to generate a mirror image of the curvi 
linear function described in FIG. 1. The compensatory 
signal would be a mirror of curvilinear line A2. 
The claims appended hereto are meant to cover mod 

i?cations and changes within the spirit and scope of the 
present invention including both the discrete implemen 
tation of the circuitry and the microprocessor imple 
mentation. 
What is claimed is: 
1. A method for controlling an air/fuel ratio of an 

internal combustion engine comprising the steps of: 
electronically sensing the oxygen content and tem 

perature of exhaust gas produced by said combus 
tion engine and generating signals representative 
thereof; 

compensating both linear and non-linear variations of 
the oxygen content signal based upon said tempera 
ture signal; and, 

controlling said air/fuel ratio of said combustion en 
gine based upon the compensated oxygen content 
signal. 

2. A method as claimed in claim 1 wherein the step of 
electronically sensing includes the step of indepen 
dently electronically sensing said oxygen content and 
said temperature of said exhaust gas. 

3. A method as claimed in claim 1 wherein the steps 
of sensing, compensating and controlling include the 
step of establishing a feedback control loop for said 
engine. 

4. A method as claimed in claim 3 wherein the steps 
of compensating and controlling include the step of 
maintaining the oxygen content signal within a prede 
termined signal range. 

5. A method as claimed in claim 3 wherein the steps 
of compensating and controlling include the step of 
maintaining the oxygen content signal at a predeter 
mined signal set point. 

6. A method as claimed in claim 5 including the step 
of providing an operator input to establish the compen-. 
sated oxygen content set point. 



5,322,047 
7 

7. A method as claimed in claim 1 wherein said oxy 
gen content signal varies as a curvilinear function of 
said temperature signal and said compensation step 
includes the step of compensating said oxygen content 
signal based upon a predetermined linear segmentation 5 
of said curvilinear function. 

8. A method as claimed in claim 2 wherein the steps 
of sensing, compensating and controlling include the 
step of establishing a feedback control loop for said 

8 
engine, said controller including an operator input 
which establishes a control set point for said compen 
sated oxygen content signal and means for generating 
control signals for said engine such that said compen 
sated oxygen content signal corresponds to said set 
point. 

14. A controller as claimed in claim 12 wherein said 
controller is part of a feedback control system for said 
engine, said controller including an operator input 

engine. 10 which establishes a predetermined signal range for said 
. 9. A method as claimed in claim 8 wherein the steps compensated oxygen content signal and means for gen 
of compensating and controlling include the step of crating control signals for said engine such that said 
maintaining the compensated oxygen content signal at a compensated oxygen content signal falls within said 
predetermined signal set point. predetermined range. 

10. A method as claimed in claim 9 including the step 15 15. A controller as claimed in claim 12 which is pow 
of providing an operator input to establish the oxygen ered by less than approximately 100 milliwatts at ap 
content set point. proximately 3-4 volts AC RMS. 

11. A method as claimed in claim 10 wherein said 16. A controller as claimed in claim 12 wherein said 
oxygen content signal varies as a curvilinear function of oxygen sensor is a zirconium oxide sensor. 
said temperature signal and said compensation step 20 17. A controller as claimed in claim 15 wherein said 
includes the step of compensating said oxygen content oxygen content signal varies as a curvilinear ‘function of 
signal based upon a predetermined linear segmentation said temperature signal and said means for compensat 
of said curvilinear function. ing includes means for discretely segmenting the curvi 

12. A temperature compensated air/fuel ratio con- linear response of said oxygen content signal as it varies 
troller for a carbureted internal combustion engine 25 with respect to said temperature signal and generating 
comprising: said compensated oxygen signals. 
An electronic oxygen content sensor and an elec- 18. A controller as claimed in claim 13 which is pow 

tronic temperature sensor exposed to exhaust gas ered by less than approximately 100 milliwatts at ap 
produced by said combustion engine, said sensors proximately 3-4 AC RMS. 
generating signals representative thereof; 30 19. A controller as claimed in claim 18 wherein said 

means for compensating both linear and non-linear oxygen sensor is a zirconium oxide sensor. 
variations of the oxygen content signal based upon 20. A controller as claimed in claim 19 wherein said 
said temperature signal and generating compen- oxygen content signal varies as a curvilinear function of 
sated oxygen signals; said temperature signal and said means for compensat 

an air/fuel ratio controller receiving said compen- 35 ing includes means for discretely segmenting the curvi 
sated oxygen signals' and generating control signals linear response of said oxygen content signal as it varies 
based thereon for said engine. with respect to said temperature signal and generating 

13. A controller as claimed in claim 12 wherein said said compensated oxygen signals. 
controller is part of a feedback control system for said * * * * * 
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